Short running title: SUV vs MRGlu based tumor heterogeneity
INTRODUCTION
comparisons (8) . Recently, PET intra-tumor heterogeneity characterization has demonstrated a potential added predictive and prognostic value over simple SUV measurements (9, 10) . However, these studies have to date been exclusively based on static PET acquisitions. Whereas static whole body 18 F-FDG PET acquisitions are the most commonly used in clinical practice, an alternative consists in analyzing radiotracer kinetics to provide fully quantitative information (10) , such as the metabolic rate of glucose (MRGlu). Amongst kinetic models, Patlak analysis is considered as a gold standard for modelling tissue time-activity concentration (TAC) curves derived from dynamic 18 F-FDG PET images (11, 12) .
The fully quantitative parameters derived using such approaches have been previously shown to be useful in patient management (13) , with observed differences by on August 15, 2017 . For personal use only. jnm.snmjournals.org Downloaded from between static SUV and parametric MRGlu images (14, 15) . Firstly, SUV images reflect only the total activity, without any distinction between metabolized and unmetabolized 18 F-FDG uptake. In the Patlak analysis, the time integral of the input TAC divided by the plasma concentration is plotted on the horizontal axis versus the activity on the vertical axis, while SUV approximates this integral by normalizing static activity concentrations using patient weight and injected dose. (17) . The magnitude of these differences can be explained by the delineation methodology used. Threshold-based methods have been previously shown to lack robustness relative to varying image properties (noise, contrast) (18) , which is the case for static vs. parametric PET images
(17).
The potential interest of dynamic imaging for the characterization of intratumor heterogeneity based on texture analysis has not been previously evaluated. A recent review referred to the potential of features derived from parametric maps calculated using kinetic analysis in conjunction with the temporal evolution of intratumor tracer uptake distribution (19) , without an explicit evaluation in a given patient cohort. The present study aims to assess the potential complementary value of dynamic acquisitions and derived quantitative parametric images for intra-tumor heterogeneity characterization using 18 F-FDG PET. Our main objective was to quantify the potential differences between newly proposed intra-tumor heterogeneity characterization features from static SUV and parametric MRGlu 18 F-FDG PET images derived using the Patlak linearisation approach (11) . For comparison purposes, the analysis was extended to other standard PET image derived indices such as SUV max , SUV mean , TLG and MATV.
MATERIALS AND METHODS

Patients
Twenty therapy-naive patients with limited-stage non-small cell lung carcinoma (NSCLC) and planned for primary surgical resection, were prospectively recruited.
Tumors with at least 30 mm maximum diameter were considered in order to reduce the potential impact of partial volume effects (PVE) and respiratory motion on the quantitative measurements considered (20) . The study was approved by the Medical Ethics Review Committee of The Radboud University Nijmegen Medical Centre and all patients gave a written informed consent. Patient characteristics are summarized in Table 1 . PET data were reconstructed using a 45-frame protocol (10s delay after 
Image Analysis
For all patients, the primary tumor MATV was delineated on the static SUV and parametric PET images. The automatic Fuzzy Locally Adaptive Bayesian (FLAB) algorithm previously validated for accuracy, robustness and reproducibility in PET (21, 22) , was used to minimize the delineation approach impact on the extracted features. From these delineated volumes, the following features were extracted from both static and parametric images: MATV, maximum value (SUV max and Ki max ), metabolic volume products (TLG and MRV), and heterogeneity parameters, including the area under the curve of the cumulative intensity histogram (CIH AUC ) (23) and textural features at both local and regional scales using previously optimized parameters (quantization into 64 grey-levels) (24) . CIH AUC is calculated by considering all tumor voxels, consequently providing a global quantification of the tumor heterogeneity. Local heterogeneity features were computed using a single cooccurrence matrix over all 13 spatial directions in 3D (20) . They highlight intensity variations between contiguous voxels at the local scale and include homogeneity (H), entropy (E) and dissimilarity (D). Regional heterogeneity measurements were computed using matrices that link groups of intra-tumor voxels with similar intensity.
They include high intensity emphasis (HIE) and zone percentage (ZP) (24) . Most heterogeneity textural features used in this study were chosen according to previously published results regarding their reproducibility (25) and robustness to both functional tumor volume delineation approaches and PVE (18, 26) .
Statistical Analysis
Statistical analysis was performed using the MedCalc TM software, (MedCalc Software, Belgium). The statistics of each parameter's distribution in both images were reported using the 1 st and 3 rd quartile, as well as the median. The Kolmogorov-Smirnov test was used to assess the normality of distributions. The agreement between parameters from static and parametric images was assessed using the Spearman's rank coefficient (ρ) and differences were quantified using a Bland-Altman analysis, reporting the mean±SD and 95% confidence intervals (CI) of the differences and the upper (UL) and lower limits (LL) defined as 1.96 × standard deviation (SD) after a log transformation applied to parameters with a non-normal distribution. Note that for SUV max (or Ki max ) and TLG (or MRV), only correlation coefficients are reported, since the measures are not directly comparable between the two image types given the differences in units. P-values <0.05 were considered significant throughout the analyses. Figure 1 shows delineated tumor examples in both images including differences in the corresponding image indices considered. All features were normally distributed with the exception of MATV and TLG/MRV (Table 2 ). MATVs measured on static and parametric images were highly correlated (rs=0.96, p<0.0001, 95%CI 0.90-0.99) ( Table   3 ). Slightly smaller MATVs were obtained on static compared to the corresponding parametric images, with non-statistically significant differences (-2±7%, p=0.14, upper limits (UL) and lower limits (LL) of +11% and -15% respectively) ( Table 3 , Figure 2A ). The smallest and largest absolute volume differences were 0 cm 3 and 26.5 cm 3 respectively, which was obtained for a very large tumor (>145 cm 3 vs 115 cm 3 in the parametric vs static images).
RESULTS
As Figure 2B shows SUV max and Ki max were highly correlated (rs=0.9, p<0.0001, 95% CI 0.76-0.99). Similarly, TLG and MRV were highly correlated with a Spearman's rank correlation coefficient of 0.98 (95% CI 0.94-0.99, p<0.0001, Figure 2C ). Intra-tumor heterogeneity parameters on the static and parametric images were also correlated (rs between 0.7 and 0.91, p≤0.0006), with <21% SD and UL/LL within the ±40% range, which are similar to the physiological reproducibility limits previously measured on test-retest baseline PET images for such parameters (22, 25) . The heterogeneity parameters showing the lowest variability with respect to static vs. parametric PET images were entropy (0.3±2.1%, UL/LL of +3.8/-4.4%, Figure 2D ) and zone percentage (+1.0±3.7%, UL/LL of +8.2%/-6.1%, Figure 2E ). Homogeneity led to slightly larger differences (+0.6±11.9%, UL/LL of +24.0%/-22.7%), whereas dissimilarity had a similar behavior as CIH AUC with 16-17% SD, and UL/LL around ±30-35% ( Figure 2F ). Finally, the parameter that exhibited the largest difference was HIE with +0.3±20.9% (UL/LL of +41.3%/-40.6%, Table 3 ).
DISCUSSION
There is currently an increasing interest in PET intra-tumor heterogeneity characterization and its potential added value for diagnosis, therapy response and survival analysis. It has already been already shown that in NSCLC, intra-tumor heterogeneity in whole body static 18 Firstly, the use of a robust delineation approach allowed to overcome potential robustness issues previously observed (21) in the determination of MATVs measured in static vs. parametric PET images (-2±7% and limits between 11-15%). The observed variations are well within the range of upper and lower physiological reproducibility limits previously determined for FLAB at ±30% (22) , and substantially lower than those previously reported using less robust delineation methods based on fixed thresholding (17) . Fixed thresholding has been shown to lack robustness and be very sensitive to tumor contrast (31) . The higher contrast in parametric images (32) may consequently explain such MATV differences that were not observed in the present study using a more robust delineation algorithm.
We also found that maximum intensity (SUV max and Ki max ) as well as total activity (TLG and MRV) measurements were highly correlated between static and parametric images (rs≥0.9). This is in line with previously reported results for renal cell carcinoma metastases by Freedman, et al. (14) and for breast cancer by Doot, et al. Most of the uptake heterogeneity features considered in the present study showed high correlation (rs≥0.7, p≤0.0006) when obtained using static or parametric PET images, with differences <±25% range, except for HIE (±40%) and dissimilarity (±30%). In particular, entropy and zone percentage values were very similar (<±5% and <±9% respectively), providing further evidence for the robustness of these parameters in intra-tumor heterogeneity characterization (18, 26) . The highest differences associated with HIE may be explained by its previously demonstrated lower robustness to PVE (mean difference of -20.6±18.8 between PVE and non-PVE corrected images)
(18).
Our results suggest that the observed differences in quantitative measurements of intra-tumor heterogeneity between static and parametric 18 F-FDG images can be mostly attributed to variabilities in image characteristics and noise rather than substantial differences in the actual intra-tumor uptake spatial distribution ( Figure 1 ). This in turn supports the hypothesis that with respect to intra-tumor heterogeneity characterization the parametric images provide similar information to static SUV images on a 18 F-FDG PET baseline scan.
Based on the Patlak analysis assumptions and the use of the baseline scan only, the hypotheses in this work are that the unmetabolized component of Our study is limited by the small number of patients and the consideration of NSCLC patients with large lesions (> 3cm). Despite the limited number of patients, the small mean parameter differences observed suggest that similar information on tumor heterogeneity can be derived from the static and parametric baseline 18 F-FDG PET images. Given these small differences a more substantial patient cohort is needed to confirm the statistical significance of these results. Concerning the limit on the lesions' size it was chosen to reduce the influence of both respiratory motion and PVE. Previous studies have shown variabilities on heterogeneity features as a result of respiratory gating (35, 36) , although no statistically significant differences were seen on the PET heterogeneity parameters considered in this study (37) . In addition, the majority of the lesions in this study (85%) were located in the upper lung lobes which are less influenced by respiratory motion.
The choice of NSCLC can be also a limitation since the lung tissue is mostly metabolically non active, thus the background is low, and the fraction of unmetabolized 18 F-FDG is also very low. Our present conclusions for NSCLC cannot therefore be extended to pathologies in tissues with higher background levels (e.g. liver metastases)
or near "reservoirs" of metabolic inactive parametric images for patient response or overall survival in NSCLC.
CONCLUSIONS
In NSCLC, parametric and static SUV 
